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ATTITUDE WIND TURNEL INVESTIGATION OF HIGH--
TEMPERATURE AFTERBURNERS

By E. William Conradl and Cerl E. Campbell

SUMMARY

An investigation was conducted in the NACA Iewls altitude wind tun-
nel to develop an afterburner producing the highest possible exhaunst-
gas tempersbtures and having sultable operatlonel characteristics. In
order to meet the requirements of military airplanes, maxlimm effort was
concentrated on operation st near-stoichlomstric fuel-alr ratios. Most
of the data were obtalned at a nominal burner-ilnlet pressure of
2450 pounds per square foot; however, additional data were obtained atb
e nomlngl pressure level of 925 pounds per square foot.

By the use of adequate fleme-holder blockage, long fuel-mixing
lengths, and low burner-inlet velocitles, and by cereful matching of the
fuel-injection pattern to the gas-flow pattern, performance approaching
theoretical values was obtalned with four serles of burners having dif-
ferent diffuser linner-cone conflgurations. For example, at the deslign
burner~inlet pressure level of 2450 pounds per squere foqt, the maximum
exhaust-gas temperature obtalned was 3900° R as compared with & theoret-
ical maximum of slightly over 4000C R, Similasrly, afterburnmer combustion
efficlencles of at least 95 percent were obtained near maximum operating
conditions. Combustion Insteblllty was encountered ln several configur-
atlons; however, these difficultles were overcome by careful attention
to flame-holder deslign end to aerodynamic designs of the, &iffusger.

Performance was obtalned at a pressure level of 2450 pounds per
square foot absolute uslng MIL-F-5572, MIL-F-5616, and MIL-F-5624 fuels.
These fuels all gave almost 1ldentical performance results. The effects
of two ceramic coatlings on afterburner shell temperature were also
studied. The results of one coating, Uverite, were inconclusive, how-
ever, a reductlon In shell temperature of about 100° F was obtained with
a coabtlng formed by 'bhe use of 4-percent ethyl silicate in the after- -
burmer fusl."

INTRODUGTION

During previous investligations of afterburning conducted at the
NACA Lewis laboratory (references 1 to 4, for example), the objective
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of o'b'bainmg high exhaust-gas temperatures and, consequently, maximm
thrust augmentatlon was compromised to same exten‘b in order to alleviate
the problem of afterburner shell cooling. Becsuse both cooling tech-
nlques used, (1) taill-pipe fuel stratification and (2) the use of a cool-
ing linex, mad.e some of the gasee In the tall plpe unavallable for the
burning of additlonal fuel, the. maximm mean bulk exhsust-ges tempera-
tures were about 3700° R. The transition in alrcraft design from sub-
sonlc to supersonic flight regimes, in response to military needs,
requires that the thrust potentiallties of the af‘berburner be fully
exploited. The primary obJective of the investigation reported herein
was therefore the abtaimment of maximm exhaust-gas temperature and thrust.
In order to avold the compromise on maximm exhaust-gas temperature
Imposed by the cooling techniques previously used, a secondary flow of
cooling sir was provided asround the afterburner shell., Considerable
offort was expended In solving problems of cambustion instebllity. A
brief study of shell cooling by means of ceramlc coatings was also
conducted.

The investigation was conducted with a full-scale axlal-flow turbo-
Jot engine and an afterburner shell having dimensions consistent with
the space requlrements of supersonic research elrplanes. Although the
shell dimensione influenced some of the d.esign compromises made, the
methods used end the information obtelned are nevertheless generslly
appliceble. In all, over 40 configurations were studied. These config-
urations comprised numerous fuel-inJectlon patterna in conjunctlon with
four different diffusers and eight different flame holders. Data were
obtalned for most conflgurations at a nominal tail—pipe pressure of aboutb
2450 pounds pexr square foot. Several of the more promising configura-
tions were alsc operated at a burner-Inlet pressure level of ghout
925 pounds per square foot. Because of the objectlve of obtaining high
exhaust-ges temperatures, most of the data were obtained at afterburner
fuel-alr ratios from about 0.05 to 0.09. A few configurations, however,
were also operated at much lower fuel-silr ratios.

In order to obtaln high efficlency at high fuel-alr ratlos, very
precise talloring of the fuel pattern was required to obtain a uniform
mixture over the entire cross sectlon of the afterburner. The problem
of ‘obtaining maximm temperature was also facllitated by the relatively
low burner-Iinlet veloclty of about 400 feet per second. Such low veloc-
ities, however, tend to aggravate combustion staebility difficulties.
Three approaches to the stebllity problem were investigated: (1) the use
of good aserodynamic design in the diffuser sectlon to eliminate reglons
of flow separation, (2) the use of high velocitles in the diffuser sec-
tlon to prevent flame propegetlon upstream of the flems holder, and (3)
the use of flame holders deslgned to reduce the volume of combustible
reglons which detonate under certasin conditions of fuel-air ratio, pres-
sure, and temperature.
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APPARATUS AND INSTRUMENTATION
Engine

The J34-WE~30 englne used in thls investigatlon has a sea-level
static~thrust rating of 3150 pounds &t a turbine-outlet tempersature of
gbout 1200° F and a rated englne speed of 12,500 rpm. At this condi-
tion, the alr flow is dbout 58 pourds per second. The englne has an
ll-stage axlal-flow compressor with a pressure ratlo of about 4.0 at
rated corditions, a double-annulus combustor, and a two-stage turbine.

Installatlon

The engine was mounted on a wing sectlon that spammed the 20-foot-
dlameter test section of the altitude wind tumnnel (fig. 1). Englne
inlet-alr pressures corresponding to altltude flight conditions wers .
obtained by lntroducing dry refrigerated air from the tunnel mske-up
alr system through a duct to the engine inlet. A sllp joint with a
frictlonless seal was used 1n the duct, thereby making posslible the
megsurenment of thrust and 1nstallation drag with the tunnel scales. Alr
was throttled from approximately sea-level pressure at the englne inlet,
while the static pressure In ths tumnel test section was malntelned to
correspond to the deslired altitudse. In order to simplify the installa-
tion, no cowling was installed. Coollng air was supplled to a shroud
sround the afterburner by means of & duct through the trunion and the
wing. The cooling alr was throttled from stmospheric condiltlons to reg-
ulate the coollng mass flow. No attempt was made to correlaste elther
the pressure or temperature of the cooling alr with the engine operatlng
condltion or £flight conditilonm.

Instrumentation

Ingtrumentatlon for measuring pressures and temperatures was install-
ed at several stations throughout the engine and sfterburner gs indi-
cated In figure 2. Alr flow was determined from msasurements of pressure
and temperature at statlon 1 in the mske-up alr duct. A comprseshensilve
pressure and btemperature purvey was obtalned at the turbine outlet,
gtation 5. Diffuser pressure losses for the series~-C configurations were
determined by & single rake of 8 btotal-pressure tubes at station 5.

Total and statlc pressures 2 inches upstream of the exhaust-nozzle outlet
were measured by means of a waber-cooled survey rake which was mounted
go thaet the rake drag could bs messured by a pneumabtic capsule.

Afterburmer shell temperatures were obtained with from 10 to 16

thermocouples welded Into the skin a few inches upstream of the exhsust-
nozzle Inlet. Cooling-alr temperstures were obtalined from 3 thermocouples
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in each plenum chamber. The symbols and the methods of calculatlon used
in this report are given in the gppendix. = . . :
APTERBURNERS
Afterburner Shell

Detalled dimensions of the afterburner shell and the cooling shroud

used throughout the Investlgatlion are given on the cross-gectlional sketch = .

of figure 3. The assembly consisted of four sections: (1) a diffuser
gectlon 24 inches long, tapering from an inlet dlameter of 21 inches to

an outlet dilemeter of 25% inches; (2) a cylindrical section 23 inches long

used. for diffusion or to provide fuel-mixing length; (3) a combustion
chamber with an over-all length of 61 inches which comprised a cylindri-
cal sectlion 33 inches In lengbth followed by a 28-inch-long section wilth
an outlet dlameber of 21 inchea; and (4) a water-cooled conlcal nozzle

section 4.67 irches in length with an outlet diameter of 2045 inches.

Most of the combustlon-chamber length was surrounded by a shroud
which provided a uniform 1/2-inch passage height for the cooling air.
Plenui chembers were provided at hoth ends of the shroud to permit the
use of either parallel-flow or counter-flow cooling. =Except for a few
rung, combter-flow cooling was used throughout the program. The cooling
alr entered and was discharged froam the lnstalletion 1n a radlal direc-
tion to ellimlnate any contributlon to the thrust measured by the tunnel
scale syetem.

Desgign Cons iderations,

As mentioned previously, both the approximate dlameter and length
of the .burner shell were determined by the space reguirements of typical
supersonic research slrplanes. The aversge valuse of hurner-Iinlet velo-
clty was, of course, fixed by this speclfication of the burner dlamster.
The axisl posltion of the flame holder was chosen on the basls of pre-
vious experience (reference 4, for example) to permit the longest burn-
ing length feasible without imposing undye cooling problems In the flight
installation., - The many configurations are grouped into four serles , as
shown in flgure 4, on the basls of the type of dlffuser imner cone. For
the first three series , the flame holder was located 64 inches upstream
of the exhaust-nozzle outlet as shown by the broken line. For the
fourth serles, the flame holder was located a few Inches farther upstream.

In series A configuratlions (fig. 4), the diffuser inner cone sup-

plied by the englne manufacturer was used in order to minimize d.elay in
production in the event that satisfactory performance results could be

CORFIDENTTIAL
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obtalned. Because of the relatlvely blumbt shepe of the production imner
cone, 'flow separatlion from the surface was anticlpated. Such separation
ls undesirable from considerations of combustlon stabllity, as discussed
in a later sectlon, and also from a performsnce viewpoinb. " In sn effort
to reduce or to eliminate an'bicipa:bed. flow separatlon, a& row of vortex
generators (reference 5) was therefore used on the production diffuser
Inner cone In the B-geries conflgurations. As a further effort Ho lmprove
veloclty dlstribution and pressure recovery in the diffuser, another
inner cone was constructed to reduce the rate of diffusion. This lnner
cone, used with series-C conflgurations, wes also provided with vortex
gonerators throughout most of the investigation. - The vortex generators
used with series B and C comprised 18 symmetrilicel noncambered airfolls
of 1/2-inch spen and 2-inch chord. As shown by the sketch of figure 5,
the alrfolls were staggered alternately at an angle of 13° to the flow
directlion. Serles-D conflgurations, which were conslidered an albternate
solubtlon to the instablllity problem, were designed on the theory that no
flash back would ococur if boundary velocities were mailntalned at a level
sufficiently high to prevent burning near the diffuser lnner cons; this
was accomplished by using very 1llttle diffusion upstream of the flame
seat to keep the measn veliclty high and to avold separation. A step--
type flame-sest aresa was oconstructed on the diffuser. inner cone to pro-
vide a stable flame at the loca.t«ion farthest upstream where burnming was
likely to occur.

In all configurations, the fuel was inJected ss far upstream of the
flame holder as appesred feasible to permit the maximm time for fuel . .
mixing and evaporation. For series A, B, and C the fuel was Injected at
or very near the downstream end of the diffuser inner cone to prevent the
occurrence of combustible mixtures in possible regions of separation on
the lmmer cone. For series D, the farthest upstream location possible
for fusl injection was limitell by the locatlon of the instrumentabtion at
the turblne outlet. The plane of fuel Injection used with each serles
1s Indicated In flgure 4.

The fuél system was so deslgned that conflgurations, comprising
different patterns of fuel inJjectlon orifices, could be selected
remotely. Selectlon was msde possible by use of two sets of 12 raedial
spray bars, each with a different fuel-spray pattern, that could be
used independently or simultemeously. Thus,three fuel-spray patterns
were obbtalnable for any one Installetion. The spray bars were construc-
ted of 5/16—1nch Inconel tublng flattened to a thickness of about
1/8 inch. Holes varying in size from 0,016 to 0.040 inch were drilled
in the flat sides of the spray bars thus ejecting fuel normal to dilrec-
tion of gas flow. The fuel-distribubion patterns which gave optlmm
performance for each of the four series of configurations are given in
Fflgure 6. The sghaded aress shown represent areas occupled by the 4dif-
fuser inner cons.
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Five flame holders were useéd Iin cordjunctlion with serles A, B, and
C. Detalls of these flame holders are glven ln figure 7. Fleme holders -
1 and 2 were of more or less conventional design; however, corrugstlons
were used on the gutter of flame holder 1 to lncrease the flams seal o
perimeter. The gubters of flamé holder 2 were constructed with the N
outer side parallel to the combustlon-chamber wall in accordance with : N
obeervations made elsewhere that such a gutter shape has a beneficlal o
effect on shell temperatures. Flame holders 3, 4, and 5 were deslgned )
to lmprove combustlon stabllity. The stablility considerations involved
wlll be dlscussed 1n a labter sectlon. : - :

The three flame-seat conflguratlons shown In flgure 8 were used with
gseries D. In order to elimlnate overheating of the Juncture between the
gtep on the immer cone and the center pilot, the inner cone of flame
holder 6 was shortened to form flame holder 7. In an effort to improve
performance at lower pressure levels, additional blockage, in the form
of radlal strute, wes added to form flems holder 8.

A device called a temperature ladder was used to determine the uni-
formity of the exhaust-gas temperature. Thils device (fig. 9) comprised o
a 1/2-inch water-cooled Inconel tube spanning the dlameter of the com~ v
bustion chamber sbout 1 foot upstream of ,the exhaust-nozzle ocutlet. i
Pleces of 1/8-inch-diameter welding rod of uniform lengbth were bubt- _
welded to the tube at spacings of about 1 lnch. When in use, the tube .
wad so mounted that one end bar waas aboub 1/4 inch from the wall and the .
other end bar was a few inches across the burner cemter lline. ILocal tem-
perature proflles were apparent by visual comparlson of the color varla-
tlons of the rods durlng afterburner operation. These ohserved tempera-
ture variatlons were used to gulde modificatlons to the fuel-inJection
pattern. :

Engine and afterburner fusl flows were measured by calibrated rotem-
eters. The fuel used in the englne was clear gas, MIL-F-5572 (AN-F-48b).
The afterburner fuel used during most of the running wes MIL-F-5616 )
(AN-F-32), which had a lower heating value of 18,670 Btu per poumd. A  _
few comparative runs were made using clear gas, MIL-F-5572 (AN-F-48b)
and MIL-F-5624 (AN-F-58) in the afterburner.

As noted 1n the INTRODUCUTION, data were obtalned at nominal pressure
levels In the afterburner of 2450 and 925 pounds per square foot absolute.
The high pressure was silmulated by operation at rated engine speed, an .
altitude of 25,000 feet, and an inlet ram-pressure ratlo of 1.7. Data
gt the lower pressure were obtslned by operatlion at rated engine speed,
en altitvde of 45,000 feet, and a ram-pressure ratlo of 1.6. TInasmuch -

as g fixed-area exhaust nozzle was used, the burner-inlet pressure and
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temperatiure varied with the amount of burning so that the values glven
herein are averages. For any glven afterburner fuel-alr ratio, the
turbine-outlet conditions with the four dlffuser configurations discussed
in detall were gbout equal inasmuch as combustlon efficiencles wers
almogt equal. Most of the deta were obtalned near the maximm after-
burning condition inesmich as the obJective of the study wes the attaln-
ment of hlgh exhaust-ges bemperatures.

Wlth each diffuser immer cone and flame-holder conflguratlon, a
gerles of conflgurations comprised of changes 1n radial fuel dlstribu-
tion were studied. The filrst distribublon was based on elther the
veloclty proflls of the gas obtained in the diffuser during an earlier
investigatlon, or on the results obtalned on the previous configurations
in the investigstion reported hereln. Almost 1nvarlably the first esti-
mated distributlon was not optlmm because changes 1n the shape of elther
the inner cone or the flame holder Influenced the mass~flow dlstribution
st the diffuser outlet. - Observabtions of the btemperature lsider showed
the radlagl locatlions at which the exhaust gas was relatlvely cool. By
observation of the change in temperature of these stratas as the over-all
fusl-alr ratlo was changed, 1t was determlned whether these strata wers
excessively rich or lean, and the fuel-injJection pattern was albered
accordingly. The use of this technlique made posslble the abttalinment of
a practical, optimum radial dlstribution in four or flve attempts. Dally
checks were made on the relative performasnce of each confliguration to
conflrm the performance trends indlcated by the bemperature ladder and
also to indlcabte the polnt of diminishing return in any line of develop-
ment.,

RESULTS AND DISCUSSION

As mentloned in the INTRODUCTION, & large number of configurations
were obtalned by varlations in the diffuger. Inner cone, the flame holder,
or the fuel-inJectlon pattern. Becavse the obJectlive of the investiga-
tlon was the attalmment of maximum exhsust-gss tempersture, performance
results asre shown only for the best comblnation of fuel pattern and flams
holder for each of the four serles of configurationa. Therefore, unless
ctherwlse noted, configurations denoted by the letters A4 to D will denote’
the optimum combina:bion of fuel pattern and flame holder in the series
Indicated. It should be noted that for operatlon with the uniform fuel-
alr-ratlo distribution used during this study, the variatlions 1n flame-
holder design had 1llttle effect on performance; the effects on cambustion
stabllity were, however, lmportant and, as wlll be dlascussed, resulted
In ungatisfactory operational characterlistics for two of the four serles.
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Performance

Combustion. - The combustion performance of the varilous configura- -
tions 1s considered 1n terms. of the mean bulk exhaust-ges temperatiure
and the combustlon efficiency. Tall-pipe cambustion efficilency i1s .
defined as the ratlc of the actual enthalpy rise to the enthalpy rise
theoretically possible. The numerator may be obbtalned within experimen-
tal accuracy by use of the equations given in the appendix and the
meagured values of scale thrust, turbine-outlet temperature, and total
pressure at the exhaust-nozzle outlet For the fuel used, the maximum
exhaugt-gas tempersbure theoretically avallable without dissociation is
ebout 4250° R, and the maximum value :anlurling dissociatlon based on the
data of reference 6 is slightly over 4000° R. Because of the state
change of the gases 1n expanding through the exhaust nozzle, the chemi-
cal ‘equilibrium 1s changed and some of the energy mede unavaillsble by
dissocistlon 1s recovered and produces thrust. Hence, the true theo-
retical temperature lles somewhere between the two values. Determination
of the exact value, however, is laborlous and 1s unwerranted for the
purposes of this paper. Combustion efficlencles presented hereln are
therefore bagsed on a theoretlcal temperature that inocludes dlssocietion.
This value, obtalned by the use.of reference 6, may therefore be alightly
high. Thise error in the direction of high combustion efflciency 1s, how- o
ever, balanced somewhat by the cmission of & heat loss to the cooling _ :
alr which would raise the combiustlon efficiency 1 or 2 percent. . e

2421

Results obtalned for series A are given In fligure 10 where mean bulk . _ _
exhauvst-gas temperature and afterburner combustlon efficilency are shown
as functions of afterburner fuel-alr ratio. AL a nominal burner-inlet
pressure level of 2450 pounds per sguare Toot absolubte, the meximm
exhaust-gas temperature obtained was about 3880° R. At this operating
condltion the afterburner fusel-alr ratio was sbout 0.07 and the after-
burner combustion efficiency was about 0.97, which was very near the
peoek efficlency obtained. At the lower pressure level of 925 pounds per
sguere foot gbsolute, the maximm values of exhaust-gas btemperature and
afterburner combustlon. efficlency were reduced to 3500° R and 0.87,
respectively. . .

The reaults for the best conflguration of series B are presented 1in
figure 11. At a pressure .level of 2450 pounds per square foolt absoluts,
both the maximum exhaust-gass temperature asnd the peak afterburner com-~ .
bustion efficiency were the sene as for serles A. The performance of
gerles B deterlorsted somewhat more with increased altltude than series A
wi'bh the result that the peak exhaust-gas temperature was reduced to ) ..
3380° R at the lower pressure lavel of 925 pounds per square foot abso~
lute, and the peak combustion efflclency was reduced to about 0.84. N

Results obtained with.serles C are presented in figure 12 for oper- _
ation at a pressure level of 2450 pounds per squere foobt. Within the "t
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range of experimental accuracy, the peak values of exhaust-gas tempera-
ture and afterburner combustlon efficlency were agaln sboubt the sems es
the values obtalned for series A and B.

Data are presented in figure 13 to show the combustlon performence
obtalned with serles D. At the hilgher pressure level, the meximum
exhaust~gas temperature obtained was 3900° R. Ma:xc:h:num af terburner com- -
bustion efficlency was about 0.98. At the lower pressure level, the
maximum exhaust-ges temperature was 3620° R and the peak afterburner
combustion efficlency was about 0.91.

The combustion performance of the four series is compared 1n fig-
ure 14 for operation at a pressure level of 2450 pounds per square foob
gbsolute. Desplte the wildely dlvergent flame-holder, diffuser, and fuel-
patbtern designs used, the optimm performsnce obtalned was different by
only a few percent. Thls result is not surprising lnasmuch as adequsate
flame-holder blockage, long fuel-mixlng lengths, and low burner-inlet
velocitles were incorporated in all the series and the fuel-IinJjection
pattern was optimized. It may therefore be concluded that for operation
gt a pressure level of about 1 atmosphere, combustion performance ls
primarily dependent on opblmm matchlng .of the fuel-~injectlon pattern
end the ailr-flow-distribution patbtern. The maximum theoretical tempera-~
ture curve has been superimposed on figure 14 to Indicate the magnitude-
of pogslible future improvements. AL & pressure level of 925 pounds per
square foot absolute, however, optimization of the fusl pattern was not
the entire answer. As 1llustrated by flgure 15, changes in diffuser and
flame-holder geocmetry produced an appreclaeble difference in performence
despite optimlzation of the fuel-inJjectlon pattern. Thils 1s in accord
with the deta of reference 4, where it is shown that variations in flame-
holder blocked arss or. combustion-chsmber length became of increasing
importance as the altlbude was increased (or pressure level reduced).

Pressure-loss characteristics. - It will be reallzed, of course,
that the parameters of exhaust-gas tempersature and afterburner combus-
tlon efficlency which were chomen to present the combustion performance
are not directly translatable into thrust and specific fuel consumption
without conslderation of the pressure logses Iln the sfterburner. The
pressure~loss characteristics for the four bagic series of afterburners
are given in figure 16{a) where the total-pressure drop from the turbine
outlet to the exhaust-nozzle outlet, expressed as percentage of the
impact pressure at the turbine outlet, 1s shown a8 a functlon of the
efterburner fuel-alr ratlo. Over 'bhe entire fuel-alr-ratio range, the
maximum pressure-loss factor. AP/q_, obtained with serles D, was a.'bout-
0.2 greater than the minimum value ohtained wlth series C. The effect
of these pressure-loss charscteristlics on thrust camnot be shown by =a
direct comparison of thrust curves because the data of series C in par-
tlicular were affected by a slight deterioration in bagic engine perform-
ence. The physical slgnificance of thesge pressure losses is gilven,

. oy

P
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however, in figure 16(b) where augmented net-thrust ratio ls presented

a8 a functlon of the afterburner pressure-loss coefficilent for operation
at an altitude of 25,000 feet end & flight Mach number of 0.92. From

the data of fligures 14 and 16 it may be concluded that the thrust obtalned
from each of the four sgeries was gbout the same &t the high-presaure level,
inssmuch as the dlfferences in pressure drop were not large and the higher

pressure drop for serles D yas balanced by a higher exhaust-gas tempera‘_cure.

The constancy of the pressure-drop-coefficient data of figure 16(a)
ls difficult to explaln in view of the Ilncrease in momentum pressure
loss whilch accompanles any incresse In the amount of hest added to the
gases. in the combustlion procegs. In view of the large amount of data
(most of which are not presented) which show this trend, It can only be
concluded thet the frictlion pressure drop decreases as the afterburner
fuel-air ratio increases. A poselble explanetion for such behavior might
be the reduction of flow separastion in the diffuser accompanying an
increage in flow registance at the diffuser outlet

Over-all performance. - In oxder to lodicate further performence
galns that may be possilble, the net thrust and net-thrust speclfic fuel
consumption are shown in figure 17 for a serles-D configuration operating
at an altitule of 25,000 feet at a flight Mach number of 0.92. Super-
Imposed ars theoretical curves wihlch show the performance possible if
frictlon pressure losses were reduced to zero amd afterburner combustion
efficiency was 1.00. The data show the actual maximm thrust to be
91 percent of the theoretlcal maximm; however, not all of the 9 percent
difference may be recovered Inasmnsh as the frictlon pressure drop can-

not be reduced to zero. The extent to whlch the speoifio—fuel-consumption_ )

margin may be reduced by improvements in combustio::i efficlency 1s indl-
cated by the earlier figures. It should be noted that momentum pressure
losges were retalned in the theoretical calculations inssummch as such
losgeas cannot be greatly reduced wilith burners of practical dimensions

Effect of vortex generators. - As shown by the data of figure 16(a),
the installation of vortex gemerators (comfiguration B) on the production
diffuser imner cone (configuration A) scmewhat increased the over-all —
pressure loss. On the other hand, the installa:tion of vortex generators
on the inner comne of serles C red.uced. the pressure losses in the diffuser
gbout 45 percent. It therefore appears that vortex generators are help-
ful in reducing pressure losses in marginal areas but also that they are

not a gubstlitute for. good asrodynamic diffuser design.

The installation of vortex generators on both the production lnner
cone and. the imner cone of series C caused a change In the air-flow dls-
tribution of sufflcient magnitude that changes In the fuel-injectlon
pattern were required to again cbtaln optimum performsnce. The effect -
on diffuser-outlet velocity of vortex generators with the series C inner
cone 1s shown in figure 18. The maxlmum velocity was reduced about

S
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100 feet per second and also the velocity near the diffuser inner come
was lncreased from 0 to about 300 feet per msecond. Not only are the
conditions for combustion Improved by the reductlion in psak velocity,
but also the tendency for flash back near the Inner cone 1s reduced by
eliminatlion of the very low-veloclty region.

Effect of fuels. - A small amount of dabs was obtalned with two of
the series O configurations at a pressure level of 2450 pounds per
square foot absolyube to debermine the performasnce obtalngble with three
different fuels. Data are shown for ome configuration in figure 19(a) s
where performance of MIL-F-5572 and MIL-F-5616 fuels ls compared. Sim-
iler data are shown for another configuration in figure 19(b) for oper-
atlon with MIL-F-5616 and MIL-F-5624 fuels., From these data, 1t appears
that for fuel-mixing lengths of about 24 inches, burner performance is
practically l1ldentical for the three fuels tested. As noted in refer-
ence 7, however, the effects of fuel volatility are apprecisble when
fuel-mixing lengthe on the order of 8 inches are used.

Operatlonal Characteristics

Combustion instabllity. - Over a perlod of several years, numerous
investlgations of afterburners have been conducted at the NACA Lewis
laboratory and several hundred. configurations have heen studled. In
these Investlgatlons, combustion Instability ocourred mmerous times.
Experience Indicates that combustion lnstability may be classifilsd in
three groups, on the basls of frequency. These groups are ldentified
by the names, rumble, buzz, or screech, depending on the frequency and
magnitude of -the assoclgted pressure pulses. The clrcumstances under
which these forms of instabllity are encountered and the measures used

. to prevent thelr occurrence will be discussed in the following paragraphs.

The type of combustion Instabllity referred to as rumble is ususally
caused. by explosions of large pockebts of combustible mixture. This
violent instabllity usually occurs at frequencles of less than one to a
few cycles per second, and generally occurs oanly for a few cycles at
1gnition of the. burner or near either rich or leen blow-out. During
starts, observations through windows in the burner shell indicated that
the rumble is due to flash back intc the fuel-mixling zone upstresm of
the flame holder; near the blow-out limits it ls probably caused by the
blow-out and reignitlion of local pockets of fuel-alr mixture, at or
downstream of the flame holder, that momentarily exceed the combustlble
limits of fuel-alr ratio. Thils type of burning appears to be assoclabed
with configurations having uniform fuel-slr patterns and could probably
be avoided or reduced in severlity at lgnition by sultable stratification
of the fusl. FRumble was encountered for a few cycles upon lgnition and
preceeding elther rich or lean blow-out for practically all the configu-
ratlions uged In the investigation reported herein. Although no
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gquantitative messurements were obtalned in the present study, 1t 1s noted
in reference 8 that pressure pulsations as high as 49 pounds per square
inch have heen encountered in afterburner operation s Presumably durling
rumble.

Buzzing is a term used to denote combustion which produces pressure
pulsations of intexmedlate frequency on the order of perhaps 10 to
50 cycles per second. High-speed schlleren motion pioctures of a two-

standing of this type of mtability as follows

(a) Upon ignition, & flame front fans out from each flame stabllizer
and intersects elther a wall or the flame front from the ad jacent flame
gtgblllzer st a point some dlstance downstream.

(b) A curved flame front starts at the polnt of intersectlon and
travels upstream with lnoreassing veloclity through the wedge-shaped pocket
of combustibles bounded by the Intersectlng flame fronts.

(c) The curved flame fron'b progreases to a polnt samewhat upstream
of the flesme holdsr, whereupon cambustlon ceases. The pressure pulse
produced by this curved flame front momentarlly stops or reverses the
dilrection of flow of the ges column.

(&) Following dissipation of the pressure pulse , the flow is
re-egtablished and a fresh charge of cambustlible mixture dlesplaces the
burner charge, whersupon 1gnition occurs a.nd the cycle repeats.

Presgure pulsations of this type were encountered for all conflguratlions
in series A and B except at fuel-air ratios above a‘bout 0.065. These
pulsatlons. were usually of such geverity that extreme damage to the after-.
burner structure occurred when buzzing was allowed to perslet more then

a few mlnutes. Consequently, both series A and B configura.tions met be’
regerded as unsatblsfactory from an operational viewpolnt., It should be
noted that only the three flame holders shown in figures 7(a), 7(b), and

7(c) were used in geries A and B. Buzzing coambustion was alsc encountered
with these flame holders in series C; however, the thres-element flame
holders shown in figures 7(d) and 7(e) produced amooth cambustion in .
serles-C configuratlons except very near the lean blow-out condition.
These flame holders were designed to avoild buzzing by reducing the vol-
ume of the wedge-shaped reglons between adjacent flame sheets and may
have operated smoothly in seriles A and. B had. ‘bhey been tried.

Screeching or screamlng combustion is genera.lly encountered at high
burner-inlet pressures when low—velocity regions such as speparation
reglons or wakes exist In the fuel= ~mixing zone. 'Measurements from two
sources ghow that screeching combustlon occurs at frequencies fram 1200
to 8000 cycles per second. Thla type of cambustion wasa observed in the

Iy =
. S*’
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study reported herein, to exlst on the surfaces of diffuser inner cones
and evidence hes been obtalned in other iInvestigablons to show that it
mey occur on the lee side of support struts or on the outer wall of the
diffuser. In the confligurations whlch led to the development of the
gerles-D configuratlons, screechlng was observed at all altitudes up o
and including 35,000 feet, and severe damage occurred when 1t was allowed
to continue for more than a few minutes. This type of instability was
belleved to be due to the rapid burning or detonabtlon of small pockebs

of combustible mixtures along the upstream edge of a low-velooclty reglon
in which more or less steble combustlon was occurring. It was reasoned
that the detonatlon of these fringe pockets produced pressure pulse which
delayed the Introduction of a fresh charge. Followlng the consumptlon of
the fusl and the dlssipation of the pressure pulse, a new charge flowed
into the detonstlon-sugceptible region, whereupon detonatlon again
cccurred. Thls concept of detonatlon is substantlated by the high values
of flame speed reported in reference 9, where flame velocity was found to
Increase from 500 feet per second abt a distance 5 inches upstream of ths
1gnitlon source to 3000 feet per second 24 inches upstream. Such flame
velocltles can probably be explalned only on the basls of detonatlion.
These values also Imply a rather low velocity near the flame holder where
upstream propagatlion of the flame beglns.

In the development of the serles-D burners, two methods were used to
eliminate the screeching. These msthods and the reasons for thelr use
were s follows: (1) Screeching was .definitely dues to the exlstence of
a region of burning (which to the eye appeared stable) on the surface of
the diffuser imer cone Immedlately upstream of the pilot cone which
probably served as an ignition source. Condltlons for combustlon were
such that combustion was easily supported at the downstream end of the
inner cone, but the location of the upstream edge 1s believed to be deter-
mined by the local gas velocity. Inocreasing the local approach velocity
by proper serodynamic deslgn elther to avold flow separation or to
Increases the mean gas veloclty would, If increased enough, prevent the
lnitial upstream flame propagation and hence eliminate the burning along
this surface. Thls method was applled and the marked success achleved
served to support the théory advanced. (2) Tnasmuch as the pressure
pulsations were attributed to irregularities in the combustlon at the
upstream fringe of the area, 1t seemed likely that the provision of a
stable flame seat in the fringe area would ellminate the pulsations. In
order to accamplish this stabllity, a step-type flame sedt was used on
the diffuser imner comne. - Agaln the screeching waes ellimlinated. TIn )
series-D configurations, both high approach velocitles (method (1)) and
stable flame seats (method (2)) were used.

Shell cooling. - As shown in flgure 3, cooling alr was passed around
+he burner shell through a l/z-inch. annular space between the shell and
the shrotd. During most of the Investigatlon counter-flow cocling was
used as =@ conservative test measure. A few rune were made, however,
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wlth parallel flow of the cooling alr. Average shell temperatures at

the exhaust-nozzle inlet are shown In flgure 20 as a functlon of coolling-
alr meas-flow ratlo for both methods. At reasonable valuss of the
cocoling-flow ratio, on the order of 0.10, temperabtures were excesslive
particulerly for the more practlcal parallel flow. As a result, ceramic
coatings were used 1n an effort .to reduce shell temperatures.

Two types of ceramic coabtlfiges were zpplled to the Inside of the
burner shell to reduce shsll temperatures, The primary purpose of both
was to reduce the heabt flux due Ho. radlation by reduclng the abscrptlvity
of the shell. In reference 10, 1t 1s shown that a coating of Uverite
reduced. the absorptlvity of a wall to sbout 0.10 of that for stalnless
stesl at a wall temperature of 1000° F and about 0.13 at & wall tempera-
ture of 1600° F. Uverite powder, which is composed of the oxides of
calcium, antimony, and titanium was mixed with sodium silicate and palnted
on the inglde of a burner shell which had been blagt-cleaned with metel-
grit partlcles to remove sny greasse or cther Fforelgn mebterlal. Inasmmch
as time dld not permit the recommended bake period, the englne was
operated without afterburning for &bout 1 hour to cure the coating
beflore the burner was uUsed. .Perhaps as & consequence of the Iimproper
bake treatment, the coating flaked off in large areas (fig. 21) after
only =& few minutes of operation. In the relatively hobt portion of the
burner, where the shell thermocouples were installed, the coating was
almogt completely gone and no mea.eurable d.:!.fference in shell temperature
was obtalned.- .

Another approach to the problem was the use of a 4-percent solubion
of ethyl silicate in the afterburner fuel. The coatlng of sllicon was
expected to flake off continually end be Peplenished by plating-ocut of
more sillcon from the fuel. As shown in figwre 22, & heavy coating
formed within the flame-holder gubtters and & thin frosty coatling formsd
on the hotter portions of the burnmer ghell. In operation, the inside of
the shell had a somowhat milky appearsance-as contrasted to the clear
orange-red. color of the uncoated shell. Becausé of rough burning Just
pricr to running the ethyl sillicate, only four of the original 16 ther-
mocouples on the shell were operative when the ethyl silicate was used.
The 1ndividual readlnge of these four thermocouples are shown iIn fig-
ure 23 for operstion at ldentical conditions before the sthyl silicats
was used, whille it was used, and after 1ts use. It appears from these
data that the shell temperature was reduced sbout 100° F and also that
the coating was effechblive for at lesat the remalning 15 minutes of burn-
ing after running was resumed on clear fuel. Additional data are
required, however, to establlsh the length of time during which this
type of coating may be effective after operatlon with unbreated fuel 1s
resumed..

-

[
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CORCLUDING REMARKS
. b T
By provision of.edequate flame-holder blockage, long fuel mixing
lengths, and low burner-inlet velocltles, and by careful mabchlng of the
fuel~inJection pattern to the gas-flow pattern, performance spproaching
theoretlcal values was obtalined wlth four seriss of burners having dif-
ferent dliffuser lnner-conme conflguretions. For exampls, the maximm
exhaust-gas temperature obtalned was sbout 3900° R as compered with a
theoretical maxlmm of slightly over 4000° R. Similaerly, at the design
pressure level of 2450 pounds per sguare foot zbsolute, afterburner com-
bustlion efficlency was at least 95 percemnt In the range of afterburner
fuel-air ratios which produced maxlmm exheust-gas btemperature.

The requlrements of long fliel-mixing length and low burner-inlet
veloclity conflict with the requirements for combusition stabllity. Suit-
gble combustlion stebllity wes nevertheless achieved wilth btwo conflgurs-
tlons over the entire operable range of fllght condltlons by careful
attention to the asrodynamic design of the diffuser and careful consider-
ation of the combustion characteristics of various flsme-holder designs.

Performaence data wilth three fuels, MIL-F-5572, MIL-F-5616, and
MIL.-F-5624, were cobtalned at s nominal pressure level of 2450 pounds per
square foott. No effect on performasnce was spparent. The effects of two
ceramic coatlings, Uverite end sllloon, on shell coollng were also
studied briefly. Because of 1nadequate time for preparatlon, the Tverite
coating results were inconclusive; however, the addlition of 4-percemt
ethyl gllicgte to the afterburner fuel produced g costing which reduced
shell temperatures about 100° F.

Lewls Flight Propulsion Iaboratory
Natlonal Advisory Comulttes for Aeronautics
Cleveland, Ohilo
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APPENDIX - CALCULATIORS
SYMBOIS

The followlng symbols are used in this report:

A crogs gectlonal area, sq £t
B thrust-scale reading, 1b
CV volocity coeffilclent, ratio of scaleijet thrust to rake Jet thrust
D external drag of Imstallatlon, 1lb
D, drag of exhauét-nozzlefsurVey rake, 1b )
Fy Jet thrust, 1b
Fp net thrust, 1b
t/a fuel-air ratilo _ S e -
acceleration due to gravity, 32.2 ft[?gc?;__ _ _ B
H, total enthalpy of air or ges mixture, Btu/lb
P total pressure, lb/sq ft absolute -
b static pressure, 1b/sq £t absolute

AP/q ratlo of total-pressure losa across afterburner due to friction
and heat eddition to inlet impact pressure, (P5-P;)/P5-pg)

R ges constant, £5-1b/(1b)(°R)

T total temperature, °R ) N
+ gtatic temperature, °R

v | veloclty, £t /sec )

Wy air flow, 1b/sec

We fuel flow, J.b/hr

Wy gas flow, Ib/sec.

YS!
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=i -specific fuel cbnsmﬁ;p'bion based on tobal fuel flow and scale
n,s - net thrust, 1b/(hr){lb thrust)

r ratio of speciflc heats for gases

cambustion efflciency

Y total enthalpy of fusl, Btu/Ib
Subscripbs:

a air

ab - afterburner

=] engine

£ . fuel

1 indlcated

d Jot

n exhavgt-nozzle exld

g | scale

x Inlet duct at frictionless glip Joint

free-gtream conditions

1 englne-inlet duct
5 efterburner inlet (turbine outlet)
7 exhaust nozzle, 2 Inches upstresm of waber-cooled nozzle-

extenslon oublet

Me_thods of Calculatlon

Temperatures. - Static temperstures were determined from thermocou-
ple indicated tempersbures with the followlng relation:
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t = =) - (1)

V4
1l + 0.85 <§)

where 0.85 is the impact recovery factor for the type of thermocouple -
uged. Total temperatures were determined by the adiabatic relation .
between temperatures and pressures.

Alirspeed. - The equivalent ailrspeed was calculated from ram-pressure -
ratio by the following equation with camplete pressure recovery at the Z
engine inlet assumed: o

71‘1

2y18RTy o\ 71
Vo=q/ =51 |* (g (2)

Alr flow. - Alr flow wes debermlned from pressure and temperature
messurements in the engine 1nlet-alr duct by the followlng equatlon:

71-1 -
2718 1 71 )
Wa,l = P]_‘A'_L Rtl(7l-l) G{) -1 (3)

Gas flow. - The total weight flow of fuel and alr through the engine
and afterburner wes calculated as follows:
- o 58
Wg,8 = Wa 1 + — 3500 (4)

Afterburner fuel-alr ratio. - The afterburner fuel-alr ratio is
defined as the ratio of the welght flow of fuel Injected in the after-
burner to the welght flow of unburned alr entering the afterburner from
the engine. Welght flow of unburned alr was determined by assuming that
the fuel inJected in the engine was completely burned’. This assumption
of 100-~percemt combustilon efflcliency in the englne results in only a
small error in afterburner.fuel-alr ratlc hecause the engline was opera-
ted where 17, 1s known to be high. Afterburner fuel-alr ratio was cal-
culated fram the equation:

W

(£/a) . = £,8b (5)

a.b Wf e
3600 Wo 1~ 0067 -

where 0.067 is the stoichlometrlc fuel-alr ratio for the englne fuel.
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Exheust-gas total tempersture. - The tobtal temperature of the exhaust
gas wes calculated from the exhaust-nozzle outlet total pressure, soale
Jet thrust, veloclty coefflclent, and gas flow by means of the following
equations N

W OEN — e @

v 2 1_(30_) 77
8,7 P J
Values of the ges constant R were determined from the fuel-alr ratio
and the hydrogen-carbon raetlo of the fuel according to the method of
reference 1l1. The veloclty coefflclent Gy, which 1s defined as the
rablio of scale Jet thrust to rake Jet thrust, was determined to be 0.97
from deta presented 1n refersnce 12.

Combustion efficiency. - Afterburner cambustion efficiency as pre-
sented 1n thls report is deflined as the actual enthalpy rise through the
afterburner to the enthalpy rise that could be obtalned with the theoret~
ical maxlimum exhaust-ges temperature determined by the method of refer-
ence 6. This reference provides charts for debermining the temperature
obtainable with ideal combustion inecluding the effects of dissocistion.
This temperature is based on fuel-air ratio, burner inlet temperature,
hydrogen-carbon retio of. the fuel, lower heating value of the fuel, and
the products of combustion from the mitla.l burning process in the
engine cambustors.

The actual Increasse In enthalpy through the afterburner is expressed

(Wg 7H7 - Wg 5Hg) = (3600 W 1Ha 7 + W apdap,7 + Wr,ede,7)"
(3600 Wy 18q 5 + Wr, ohe ,5)

vhere the enthalpy values at statlon 7 are based on the actual exhaust
gas temperatures from equation (6) The maxlmm enthalpy rise obtain-
able 1s determined from the preceding relation with enthalpy values at
gtation 7 besed on the theoretical maximm exhaugt-gas temperature. The
resulting expression for combustlon efficlency ls therefore:

3600 Wq 1(Hg T3y - Hg,5) + Wr o(he Ty = Xe,5) + We apran,Ts
lab = 3500 w_ LET O T ) + W, . N

2, max £y 70, max 65 :E‘a.'ba.'b,ma-x

(7)

5.5)+
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The enthalples of the products of cambustlon were determined .fram
temperature~enthalpy charts for air and from temperature-enthalpy charts
for fuels having the same hydrogen-carbon ratlos as the Ffuels used in
this investigatioh (see reference 13). The charts used for gbtaining
fuel enthalples were based on a fuel-inlet temperature of 80° F.

Augmented thrust. - The Jet thrust of the iInstallation was deter-
mined fram the balande-scale messuremsnts by the following equabion:

- We,1V1
Fj,s =B+ D+ D, + —-?—-—8 + Ap(py - Po) (8)

The last two terms of this expression represent the momentum and pressure
forces on the Ingtallation at the sllip Joint in the Inlet-alr duct.
External drag of the Ingtallatlon was determined with the engine inoper-
atlve and the drag of the water-gooled exhsust-nozzle gurvey reke wes
measured by an air-balence pilston mechanism.

Scale net thrust was obtalned by subtracting the equlvalent free-
gtream momentum of the Inlet alr from the scale Jet thrust.
W, 1V '
- 2220 (9)

Fn,s = FJ,S

Normsl engine thrust, - Normal engine thrust 1s the theoretical
thrust that would be obtailned wlth the engine and a standerd engine tail
pipe equipped with a nozzle of a slzs that glves the same turbine-outlet
pressures and tempersabtures as were encountered with afterburning under
the same flight condltions. The normal thrust of the engine was calcu-
lated from measurements during the afterburning program of total pressure
and temperature at the burbine outlet and gas flow at the turbine outlet
and also fram previously d.eteminad. to‘bal-pressure 1oss across the sta.n-
dard tall pilpe. .

Wi S W. VA
o= Oy g5 Vot An.(Pn - Bo)| - .'?'S'l" 2 (10)

A value of umity was assumed for the veloclty coefficient Oy used in
equation (10). Experimental data indlcated that the total-pressure loss
through the. standard tall pipe was apprOximately 0 Ol P5 at rated -
englne speed.

Auvgmented net-thrust ratio 1s defined as:

Scele net thrust, Fn g

Normal engline net thrust Fn e (11)

. 2421
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Figure 2. - View of emgine abowlng location of stetlons at whioh instrumentation was installed,
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Figure 3. - Details of afterburner shell and external cooling ghroud. (ALl dimensions in inches.)
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Location of fuel injectors
for series A, B, a.ndy
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~ rlocation of flame holders

for series A, B, and C~
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Figure 4. -.Diffuser lnner-cone modifications in four
series of configuratlons.
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Figure 5. ~ Vortex generator installstion for series C comflgurations.
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Flgure 6. - Detalls of optimum fuel-distribution petterns for
series A, B, C, and D. (All dimensions in inches.)
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(a) Flame holder 1; blockage, 40 percent. : . *

Figure 7. - Details of flame holders used on series A, B, and C.
{All dimensions in inches.)
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(b) Flame holder 2; blocksge, 38. percent.

Figure 7. - Continued. Detalls of fleme holders used on
series A, B, and C. (A1l dimensions in inches.)
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(c) Flame holder 3; blockage,,37 percent.

Figure 7. - Continued. Details of f£lame holders used on. . e e
series A, B, and ¢. (A1l dimensions in inches.)
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{d) Plame holder 45 blockmge, 35 percent.

Figure 7. ~ Continued. Details of flame holders used on . .

series A, B, and ¢. (ALl dimensions in inches.)
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(e) Flame holder 5; blockage, 37 percent.

@on

Figure 7. - Concluded. Details of flame holders used on
series A, B, and C. (A1l dimensions in inches.}
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(v) Fleme holder 7.

(¢) Flame holder 8.

Figure 8. - Details of flame holders used with series D.

(A1l dimensions in inches.)
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Pigure 9. - Tempersture ladder Installed ai exhaust-nozzle inlet.
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Afterburner combustion efficiency, Tab

Exhaust-gas total temperature, Tj’ g
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Figure 10. - Performance obtained with best configuration in series A.
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Figure 11. - Performance obtained with best configuration in series B.
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Figure 12. - Performance obteined with best configuration in series C
at burner-inlet pressure of 2450 pounds per square foot absolute.
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Afterburner fuel-air ratio, (£/a)y,
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Fié;ure 13. - Peérformance Obtained with best configuration in series D.
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Figure 15. - Performance obtained with best configurations in
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Figure 17. - Comparison of performence obtained with configuretion D and performance

- theoretically possible at burner-inltet preSsyre of 2450 pounds per square foot
absolute. Altitude, 25,000 feet; flight Mach number, 0.92.
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Filgure z2, - Appsarance of residwal ccating dus to 4 percemt sthyl silicate in the tail-pips fusl.
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Figure 23. - Effect on shell temperatures of 4 percent ethyl silicate in fuel.
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